The properties of Nanoporous Gold (NPG) obtained by the selective dissolution of Ag from an Au-Ag alloy can be tuned by the details of its fabrication, and specifically the residual Ag content is correlated to the ligament size of the material. We link this correlation to methanol electro-oxidation. Specifically, two different NPG types (obtained by potentiostatic dealloying) are compared with one obtained by free corrosion. They show remarkable differences in activity. Quantitative product analysis reveals that NPG shows nearly selective oxidation of CH 3 OH to HCOO − when NPG is used as an active electrode in contrast to planar Au. This trend can further be enhanced when applying finer nanoporous structures that are linked to a higher Ag content. X-ray photoelectron spectroscopy (XPS) reveals changes in the nature of residual
Introduction
Nanoporous gold (NPG) has been investigated for (and applied in) a large variety of applications within the past two decades. Amongst its use as a sensor/actuator, [1] [2] [3] [4] optically tunable 5 or energy storage 6 material, especially its use as a catalyst 7, 8 was investigated. NPG is currently regarded as a promising Pt-free alternative catalyst material. 9 Bulk-NPG is produced by 'dealloying', i.e.
the selective etching of a sacrificial metal (Ag, 10 Cu 11 or Al 12 ) from a homogeneous Au alloy. The resulting structure consists of an open porous network of 10-60 nm struts or 'ligaments'. The catalytic activity as well as selectivity of NPG towards catalytic gas 7 or liquid phase 13 reactions has been demonstrated to be remarkably higher than for planar Au. 14 Dealloying-induced strain, 15, 16 the high density of surface defects and atomic step edges at the ligament surface 17 accompanied by traces of the sacrificial metal Ag 18 were identified as reasons creating a chemical activity high enough to promote the dissociation of molecular oxygen. 19 Some time ago Zhang et al. 20 investigated the electrocatalytic conversion of methanol using NPG electrodes of a few micrometers thick and extended the evidence of high catalytic activity to heterogeneous electrocatalysis. Methanol electro-oxidation (MEO) was once considered the most important candidate for the anodic partial reaction in fuel cells due to the high energy density of methanol besides its low price and hazardousness; yet formaldehyde formation is considered critical. The most common electrocatalyst materials are composed of Pt 21 or Pt-Ru 22 nanoparticles that are dispersed over a ( porous) carbon carrier. Pt-based catalysts suffer from poisoning by CO as well as high cost. NPG-based catalysts were not found to show such drawbacks. Instead, Zhang et al. 20 concluded a decrease of the porosity upon electrochemical cycling as the major disadvantage of NPG. Two important points motivate a re-examination of these results: (i) The conclusion of the six-electron reaction product carbonate (CO 3 2− ) was based on assumptions for planar electrodes 23 during ethanol oxidation 24 and was not supported by experimental evidence.
Additionally, long transport paths in NPG as well as the higher activity might substantially influence the product formation paths.
(ii) The performance of NPG as an electrocatalyst compared to other porous gold materials with different activities [25] [26] [27] [28] is yet unknown. Findings after the publication of ref. 20 suggested that NPG properties vary with the particular dealloying techniques 29 (especially with respect to the surface structure of bulk-NPG 30 or surface-located Ag clusters 31 ).
In order to achieve a typological variation of NPG we utilize three different dealloying routes, namely mild and harsh potentiostatic dealloying as well as open-circuit corrosion to generate NPG from an Au-Ag alloy. The determination of the electrochemically active surface area (A) allows comparing MEO signals at different porous electrodes with a planar Au electrode. Chronoamperometric (CA) measurements are performed to assess the long-term activity (i.e. the current for methanol oxidation I divided by A) and current efficiency i.e. the current for methanol oxidation I divided by the external (geometric) surface area (A geom ) of NPG. X-ray photoelectron spectroscopy (XPS) is utilized in order to characterize the nature of Ag present in NPG before and after cyclic voltammetry as well as its influence on the MEO process. Quantitative determination of formaldehyde (HCHO) and formate (HCOO − )
contents in the electrolyte after MEO at different electrodes by high-pressure liquid chromatography (HPLC) and ionexchange chromatography (IEC), respectively, enable conclusions on the selectivity of the reaction. Correlations between the observed electrochemical behavior and the NPG structure, composition and its evolution reveal new insights into the role that Ag and Ag 2 O play during electrocatalysis. Fig. 1 collects scanning electron microscopy (SEM) images of the NPG structures from the different dealloying protocols. All properties as obtained by SEM, energy-dispersive X-ray spectroscopy (EDX), XPS and A determination are listed in Table 1 . Ligament sizes in the bulk (L B ) increase from NPG-A to NPG-C. Dealloying routes A and B further result in NPG with a ligament size difference between L B compared to top-view micrographs that give a surface ligament size, L S (third row in Fig. 1A ). This difference is largest for NPG-B. Both ligament sizes were determined with a single standard error of 10%. EDX was measured in the center of the sample's cross-section, i.e. the derived residual Ag contents (x Ag ) are considered the bulk Ag concentration. EDX determines a lower x Ag than XPS. EDX values scale in the order NPG-A > NPG-C > NPG-B ≈ 0 while XPS gives NPG-B > NPG-A > NPG-C. The EDX results were verified by additional measurements of the volume-averaged Ag contents by inductively coupled plasma optical emission spectroscopy (ICP-OES, see the ESI †). These show the same trend as those obtained with EDX, although x Ag values are higher due to the compositional heterogeneity. The active electrode area A was determined using the capacitance ratio method (see Section 1) . 32 This method has the advantage that the surface is not modified as would be the case when using a sorption method or procedures based on the underpotential deposition of metals. The capacitance ratio method has been applied to gold before 32, 33 and is known to
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give the most reliable results. 34 Values for A can be found in Table 1 . The specific surface area A m was determined by dividing A by the mass m = 17 mg as determined by weighing a cleaned and dried sample after the dealloying process. We find that A m is slightly smaller than the literature data 35 for the smallest ligaments while matching predictions of theoretical assumptions. 36 For un-cleaved samples (as used for CA measurements) A geom is 0.42 cm 2 .
The characteristics of NPG electrodes that were synthesized by different dealloying routes essentially agree with past conclusions on relationships between geometry and composition. 29, 37 We find increasing L B with decreasing x Ag (from EDX) when dealloying proceeds faster (NPG-A vs. NPG-B) and further ligament coarsening caused by the elevated temperature during free corrosion (NPG-C). Upon the inspection of A values we find that structures with finer ligaments are connected to a higher A. The measured values for A are in good accordance with the values as derived from a cylinder with a diameter L B . Furthermore, for samples originating from potentiostatic dealloying we confirm the presence of a skin layer of ≈100 nm thickness that consists of finer ligaments than the bulk and that covers the outside of the sample. Note, that all samples were made from one alloy ingot that was homogenized intensively before cold-rolling so that the skin cannot be caused by Ag concentration gradients. Besides a more detailed explanation for this observation, our previous studies have established a correlation between residual silver content and ligament size. 29, 31 recorded with a small pass energy of 10 eV. In order to obtain a sufficient signal-to-noise ratio, Ag concentrations above 5 at% are required that are found in the skin layer. Quantification of the different Ag binding states in the bulk of the NPG samples would require larger pass energies that cannot provide the required spectral resolution. Consequently, a quantitative determination of all Ag species by a measurement of the surface is more reliable than by a measurement in the bulk. As shown in Fig. 2 the Ag 3d 5/2 signal contains two or three components. The component at 368.0 eV BE is caused by Ag(0). This signal is shifted by −0.2 eV against Ag(0) of a clean and pure Ag sample (indicated by the left vertical line in Fig. 2 ) due to the influence of the surrounding Au matrix. A plot of the Ag(0) BE in binary Au-Ag alloys at various compositions (ESI †) allows a rough estimation of the alloy composition from the Ag 3d 5/2 BE. At 368.0 eV the local Ag concentration in Au is 50 at%. Please note, the Ag 3d 5/2 lines are typi- Table 1 Properties of the used NPG and planar Au electrodes: L B , bulk ligament size; L S , surface ligament size; x Ag , bulk Ag content as measured by energy-dispersive X-ray diffraction (EDX, bulk) or X-ray photoelectron spectroscopy (XPS, surface); C, electrode capacitance; A, electrochemical active surface area; A m , mass-specific A; I P , peak current and E P , potential of first methanol oxidation peak (AM1, see Fig. 4 cally narrow and sharp so that the BE can be determined with high accuracy. All NPG samples contain a second component at 367.5 eV, i.e. shifted by −0.5 eV vs. Ag(0) in the alloy. This shift is identical to the shift of Ag 2 O (indicated by the right vertical line in Fig. 2 ) vs. Ag(0) on pure Ag. This peak is thus assigned to Ag 2 O at the surface of the alloy with essentially the same local composition as present for Ag(0) in the alloy. These two peaks are not sufficient to describe the Ag 3d 5/2 peak of sample NPG-C so we used a third component at 367.7 eV. This BE is outside the range of Ag(0) BEs (368.2 to 367.8 eV, ESI †) in alloys of different compositions. It is thus assigned to a Ag(I) species. The higher BE than Ag 2 O indicates a higher local Ag concentration because the binding energy has a shift of −0.5 eV vs. the Ag(0) peak of pure Ag at 368.2 eV. Please note that the peak fit is an approximation. In fact, we can expect a continuum of alloy composition after dealloying and further electrochemical treatment. The existence of the component in various intensities indicates the possibility that segregated Ag may be oxidized and remains present at the surface with a much higher local x Ag than indicated by the average residual Ag content in Table 1 . For brevity we call this component segregated Ag(I) seg . XPS quantities of the different Ag components are summarized in Fig. 3 . Ag 50 Au 50 features a significantly higher Ag concentration than obtained by XPS (Fig. 3) . Thus, we conclude on a heterogeneous distribution of the Ag(0) as Ag 50 Au 50 alloy at the surface of the sample, e.g. in the form of clusters as recently found. 16, 31 Following this logic we conclude the presence of clusters in all NPG types investigated. Most clusters occur in samples NPG-A and NPG-B.
Irrespective of its different appearance, the presence of an Ag 2 O species cannot be explained by the conditions during dealloying in strongly acidic media where Ag 2 O should immediately dissolve under both, applied potential or free corrosion conditions. On the other hand, the surface diffusion of Au can lead to the passivation of Ag. 39 If we take the information depth of XPS into account, a passivation of near surface-located Ag 2 O by Au can be concluded to be a possible event during dealloying. In the sample state after dealloying the amount of this sub-surface Ag 2 O depends only little on the dealloying route -it is highest for NPG-C and lowest for NPG-B. While its presence was shown theoretically, 40 we regard our results as the first experimental evidence for dealloying-induced sub-surface Ag 2 O that had been discussed as a characteristic of as-dealloyed NPG that cannot be re-generated once it was destroyed, e.g. by electrochemical cycling. 41 
The influences of NPG on MEO
All MEO investigations in this study were performed in an alkaline environment. Fig. 4 compares the CVs in 1 M KOH with the CH 3 OH-containing electrolyte on a planar Au electrode. In the CH 3 OH-free electrolyte a current plateau at approximately 400 mV (denoted as A1, peak current density:
) is attributed to hydroxide (Au-OH) formation (Fig. 4) . 42 The cathodic scan shows a peak at 120 mV (C1) attributed to the hydroxide stripping reaction, besides another current increase towards the lower scan limit. The CV of the CH 3 OH-containing electrolyte shows significant differences: (i) a broad peak at 283 mV (with I P /A = 74 μA cm −2 , denoted as AM1) that is attributed to the four-electron oxidation of CH 3 OH to HCOO − 23 and that overlaps with the A1 signal, (ii) an additional anodic peak in the negative going scan (at ≈60 mV, denoted as AM2) that overlaps with C1. On planar Au electrodes AM2 had been attributed 43 to the same four-electron reaction as responsible for AM1. 23 Although this must not necessarily hold for porous electrodes, we further focus our discussion on the AM1 peak which is less distorted by the overlap with A1 than AM2 with CM1. MEO on porous electrodes was conducted under identical conditions as for planar electrodes (Fig. 5) . Cycling in the CH 3 OH-free electrolyte shows small differences among the three types of NPGs tested. During cathodic scans the C1 peak current densities I P /A decrease going from NPG-A to NPG-C.
Cycling in the CH 3 OH-containing electrolyte reveals significant differences between both, the three different types of NPG as well as among NPG and planar Au. Irrespective of the scan number, the I P of AM1 increases in the order NPG-A < planar Au < NPG-B < NPG-C ( Table 1 ). The obtained activities (i.e. peak currents of AM1 I P related to the active surface area A) of 42 μA cm −2 (NPG-A), 101 μA cm −2 (NPG-B) and 127 μA cm −2
(NPG-C) ( that is not higher than ours due to the larger scan rate used. However, NPG-A has the largest surface and the smallest pores of all types. Ligaments with small L B feature a higher curvature 45 and consequently more low-coordinated atoms per surface area than coarser NPG. Low coordinated sites are typically associated with higher activity, 46 but the sample with the highest number of those sites shows the lowest current density. Apart from the active site distribution, the observed activity scaling is more consistent with the explanation that an inefficient methanol saturation inside the nanopores, i.e. transport control, is most likely to occur within the smallest pores so that increased activity is present for coarser structures because they suffer less from transport control. Among the three NPG types tested, the coarsest (NPG-B and C) even exceed the activity of planar Au. Furthermore, past investigations concluded on the activity-promoting effects of Ag residues in NPG towards gas phase catalysis. 18 While Ag was found to structurally stabilize NPG towards electro-catalytic processes, 47 we did not find a clear correlation between x Ag and the respective electro-oxidation activity. However, compared with the literature, all activity values exceed the reported values of Ag-free porous Au electrodes, e.g. by Xu et al. 27 or Xia et al.
28
During ten scans we observe a slight decay of I P for the AM1 peak (NPG-A: −8.5%, NPG-B: −8.7%, NPG-C: −8.0%) and a shift of the peak potential E P towards less positive potentials while they are higher than for planar Au. Additionally, AM1 peaks are significantly broadened with peaks narrowing from NPG-A (full peak width at half maximum [FWHM] 565 mV) to NPG-B (FWHM: 442 mV) to NPG-C (FWHM: 356 mV) compared to planar Au (FWHM: 250 mV). We suspect this peak to consist of the overlapping signals of three contributing reactions: (i) OH adsorption on Au which was identified as a process necessary for the oxidation of alcohols. 48 (ii) The two-electron oxidation of CH 3 OH to HCHO which takes place at a lower standard potential (at +166 mV vs. Hg/HgO, as calculated from ref.
49) than (iii) the four-electron reaction of CH 3 OH to HCOO − that occurs at +390 mV vs. Hg/HgO 50 so that we assume that currents occurring due to the latter reaction are responsible for broadening the peak in the direction of more positive potentials compared to the case when only two electrons are transferred. Changes of the peak shape and height can be indicative of a shifted balance between these reactions, i.e. a different product selectivity (see the discussion below). The third observation entails the presence of a CM1 peak that increases in the order NPG-A < NPG-B < NPG-C and underlies a further increase with the scan number for NPG-B and NPG-C. Furthermore, CM1 overlaps with the C1 peak. An AM2 peak is perceptible only in cases of NPG-B and NPG-C.
To shed more light on the transport control we recorded current transients during chronoamperometry (CA) measurements (Fig. 6 ) applying the respective E P of each electrode obtained by CV measurements (see Table 1 ). Currents under normalization to the respective value of A are shown in Fig. 6A , in which planar Au represents the most active electrode for methanol conversion followed by NPG-C, NPG-A and NPG-B. While planar Au maintains a relatively stable current over the entire duration of 600 s, the currents at the NPG electrodes drop faster. Vertical dashed lines in Fig. 6 indicate the time t Q after which a faradaic charge was transferred that corresponds to the four-electron oxidation of the CH 3 OH that is initially contained in the pore volume (as calculated from the initial sample volume by subtraction of the Ag volume and correcting for sample shrinkage) before the electrolysis. This amount is converted fastest in the case of NPG-A and slowest in the case of NPG-B. This is reflected by a change of the slope dI/dt which coincides with t Q in the case of NPG-B, i.e. after the methanol content in the pores is exhausted. Consequently, the observed current drop originates from the transport limitation that occurs when CH 3 OH is transported from the solution bulk into the porous electrode. From the parallelism of the decay curves we conclude that this limitation affects all electrodes independently of the pore size (which scales with L B ). Furthermore, samples that were observed to show a skin with finer ligaments at the surface (NPG-A and NPG-B) show less activity than the sample without such a skin (NPG-C). Smaller pores in the skin can consequently be treated as an origin for additional diffusion limitation towards reactant molecules. On the other hand, the smaller ligaments (with higher surface-tovolume ratio) in the skin contribute more to the total surface area. A coarse estimation of the ratio of the skin surface area to A gives a value ≈1% (for both, NPG-A and NPG-B). Because this ratio of the skin is significantly less than the differences in activity compared to NPG-C (no skin), a differentiation of the activity between skin and bulk ligaments cannot be justified.
Upon normalization of I on the geometric area A geom (see Fig. 6B ), we derive a measure for the current efficiency η of NPG towards MEO:
Contrary to the activity, η of NPG is significantly higher than that of planar Au due to the increased surface-to-volume ratio. Consequently, NPG-A shows the most outstanding current efficiency compared to the coarser NPG types. Compared to planar Au we find an enhancement by a factor of 250 during t ≤ t Q . For t > t Q , η reaches a stable plateau which still exceeds the value of planar Au by one order of magnitude.
Reaction products
The AM1 peaks in Fig. 4 and 5 cover wider potential ranges than the one observed for the four-electron oxidation from CH 3 OH to HCOO − . As indicated above and besides capacitative charging, charges are also generated due to the formation of surface oxides/hydroxide and the two-electron-oxidation to HCHO. Since FWHMs of e.g. the AM1 peaks differ due to more than one contributing reactions, charges cannot directly be related to a certain product. Selectivity values are therefore expressed based on the absolute amounts of species found inside the electrolyte after cycling in defined potential ranges for all porous electrodes (see Fig. 7A ) rather than based on charges.
The results of quantitative electrolyte analysis (Table 1 ) support the interpretation of a shifted MEO product selectivity (i.e. the ratio between the amount of formate to the summed amount of formaldehyde and formate) as outlined above. In contrast to planar Au, HCOO − (by ion-exchange chromatography, IEC) is the main oxidation product of CH 3 OH for all types of NPG during cycling ( , i.e. the products of the six-electron oxidation reaction. We observed no changes in the TIC content (the TIC content was ≠0 due to the eluent's composition in IEC) by cycling both, planar and NPG electrodes in a CH 3 OH-containing electrolyte and conclude that the six-electron reaction is not significant within the screened potential window.
Further, the HCHO concentration (by HPLC) increased slightly (its background concentration was 10 M). The HCHO fraction of the total reaction products increases in the order NPG-A < NPG-B < NPG-C < planar Au which is also reflected when displaying the oxidation yield, i.e. the amounts of HCHO normalized to A geom (Fig. 7A) . Upon normalization to A (not shown), the three types of NPG electrodes generate HCHO and HCOO − amounts that are smaller than for planar Au; both amounts scale in the order A < C < B. In other words, NPG electrodes promote the four-electron reaction to HCOO − and suppress the two-electron reaction. The selectivity for HCOO − formation is found to be the highest for electrodes with highest x Ag (Fig. 7B) . While no investigations on the selectivity for electro-catalytic methanol oxidation using NPG electrodes have been published yet, we find our results in accordance with past reports on gas-phase oxidative coupling of methanol using NPG catalysts. 9 These concluded a nearly selective formation of methyl formate (the condensation product of the two-electron oxidation product HCHO with methoxy groups) when using catalysts with a low x Ag . Additionally, the authors find preference for higher oxidized products (namely CO 2 ) when x Ag is increased. Neglecting that we do not find carbonate as a product, the conclusion that the oxophilic nature of Ag leads to more O adsorbates (which are regarded as the oxidant species and hence favor total oxidation when concentrated sufficiently high) is only partially applicable to our present case: upon potential increase the surface is decorated with O adsorbates mostly due to the applied potential and is relatively independent of x Ag . We conclude that different selectivities are thus not directly connected to different contents of the residual Ag, but more to differences in transport, so that the selectivity is only indirectly reflected by the corresponding x Ag values. Electrolyte transport is connected to the size of the pores which (due to the bi-continuity of the NPG structure 37, 51, 52 ) is connected to the ligament size. As shown previously, x Ag and L B are interrelated, 29 such that smaller ligaments contain more Ag. Consequently, more retained Ag results in an increased transport limitation so that the fast interfacial reaction, i.e. the two electron oxidation to HCHO, 49 is more strongly affected than the slower four-electron oxidation to HCOO − . Furthermore, follow-up reactions of dissolved products (HCHO to HCOO − ) are promoted if the initial product (here HCHO) is confined in a porous electrode. Fig. 7B displays the correlation between the HCHO content on L B . Similar to the selectivity increase by NPG electrodes, lower amounts of HCHO correlate with decreasing L B . A similar correlation between selectivity and x Ag is also indicated in the figure. Upon regarding the true Ag contents determined after cycling we find that the higher selectivity also correlates with higher x Ag .
Changes in NPG caused by MEO
Catalysis-induced ligament coarsening along with a starting clustering of the residual Ag had been identified as reasons for weakening the activity of NPG towards catalytic CO oxidation. 53 As described above, coarser ligaments expose fewer lowcoordinated surface atoms resulting in a lower activity of the catalyst. During MEO CV scans and irrespective of L B and x Ag we observe a slight decrease in I P over the same time. I P drops the strongest for NPG-A (−9.6%), followed by NPG-B (−8.3%) and weakest for NPG-C (−7.4%) which is in all cases lower than the drop at planar electrodes (−14.3%). According to the SEM images in the second and fourth column of Fig. 1 , MEO cycling seems to be less effective on L B than concluded before for all types of NPG. Note, that eventual changes in L B as implied by Table 1 need to be considered with respect to the standard error inherent to SEM-based L B determination. In contrast, sample surfaces are found to coarsen significantly for samples NPG-A (L B increases by a factor 2) and NPG-B (L B increases by a factor 3).
Concerning the sample composition, x Ag in the bulk (by EDX) does not change significantly during MEO cycling. Eventual changes are assigned to quantification errors of EDX when applied to unpolished surfaces. XPS reveals that the BEs of both, Au 4f and O 1s, did not change upon MEO cycling. In contrast, Ag 3d 5/2 XPS signals (Fig. 8) is found. In the alkaline environment Ag 2 O is insoluble, i.e. a Ag dissolution can be excluded. Simultaneously, NPG-B shows the strongest coarsening of the surface so that the loss of Ag(0) can be attributed to the diffusion of Au that buries Ag deeper than the XPS information depth. The deconvolution of the Ag 3d 5/2 peaks reveals the same components as before cycling, i.e. Ag(0) at 368.0 eV and Ag(I) at 367.5 eV. The third component (Ag(I) seg at 367.7 eV) which was initially present only in sample NPG-C is now present in all three samples. In the case of NPG-A, Ag(I) seg evolves partly from Ag(0), and partly from the sub-surface Ag(I) due to its exposure by Au surface diffusion. As outlined above and confirmed before, 16, 31 NPG-A and NPG-B also featured Agrich clusters before catalysis. We conclude for the case NPG-A that these clusters oxidize to Ag 2 O (represented by the Ag(I) seg fraction). Only a smaller fraction of the sub-surface Ag 2 O contributes to this oxide. In the case of NPG-B, the Ag(0) fraction that was not passivated remains as clusters that are covered in the same way. In the case of NPG-C where clusters occur because of the low total Ag concentration, the sub-surface Ag 2 O is dominantly converted into the Ag(I) seg species while the Ag(0) content slightly increases possibly as a result of an ongoing clustering which is accompanied by its oxide coverage. In all samples the content of the sub-surface Ag(I) decreases. However, although correlations might exist, we restrict our conclusion to the point that a direct connection between the presence of clusters and the observations on reactivity/selectivity from above cannot be identified based on these data.
Conclusion
NPG, as obtained by dealloying, is expected to be a promising candidate for Pt-free bulk-scale catalysts. MEO represents a well investigated and relevant reaction, to which NPG was applied in this contribution. (ii) Compared with planar Au, NPG shows an increased selectivity for the four-electron oxidation of CH 3 OH that can further be increased by decreasing L B .
(iii) The internal (bulk) structure of NPG does not change during MEO while finer (surface) ligaments coarsen.
(iv) During electrocatalytic cycling, the changes in the nature of the Ag components are sensitive to the preceding dealloying protocol. Ag-rich clusters obtained by potentiostatic dealloying remain and become oxide-decorated. Sub-surface Ag 2 O content is reduced in all cases.
While the nature of Ag has no direct implication on the MEO process itself, it is important to note that Ag generally plays a crucial role for the electro-oxidation process. The correlation between higher current activity/improved selectivity and the ligament size is shown, yet a similar correlation to the Ag content exists due to the correlation between L B and x Ag which is less obvious due to the concentration heterogeneity of Ag. On the other hand finer ligaments require higher Ag content so that the dependence on x Ag can be indirect. Further investigations should focus on the nature of the high-energy Ag(I) XPS signal, a local analysis of the Ag content along the crosssection of macroscopic NPG samples, a long-term screening of the MEO current efficiency and an increase of the Ag content to achieve enhanced selectivities besides finer and more stable ligaments.
Experimental part
Electrode preparation and characterization
Au and Ag, at the ratio Au 28 Ag 72 (subscripts: at%), were alloyed by arc-melting, sealed under Ar in fused silica and annealed for 5 d at 925°C for homogenization. The alloy ingots were cold-rolled to a 150 m thick foil and laser-cut to circular disc samples of 5 mm diameter. Dealloying was carried out via three different routes as described earlier. 29 Prior to MEO investigations, we applied the capacitance ratio method in order to determine A of the porous and planar samples. 32 . To obtain A, the net capacity was compared to the specific capacitance of a non-oxidized Au surface (40 μF cm −2 ) at the applied potential. 33 All nanoporous samples were investigated by scanning electron microscopy (SEM) using a Leo Gemini 1530 microscope in cross-sectional and top-view. Ligament sizes were derived from SEM micrographs at 250 000× magnification by averaging 20 diameters. EDX spectra were recorded from 20 μm × 30 μm areas in cross-view to determine the residual Ag content in bulk NPG, x Ag-EDX .
XPS was performed using an ESCALAB 250 Xi instrument (Thermo Fisher) with mono-chromatized Al K α (hν = 1486.6 eV) radiation. All samples (sample halves before and after MEO) were dried and stored under Ar. High resolution spectra were measured with a pass energy of 10 eV. Peak deconvolution was performed using a Gaussian-Lorentzian peak shape by the software Avantage (Thermo Fisher).
Methanol electro-oxidation
After the determination of A, the sample was subsequently washed in de-ionized water and immersed into a N 2 -flushed 1 M KOH + 1 M CH 3 OH solution. The soaked NPG samples were transferred into a three-neck flask filled with 50 ml of the degassed 1 M KOH + 1 M CH 3 OH solution, Au wire CE and Hg/HgO RE under constant N 2 flushing until a stable OCP of −440 mV vs. Hg/HgO was reached. MEO cycling was then performed from −440 mV to 1300 mV at v = 10 mV s −1 for ten successive cycles. After cycling, 40 ml of the electrolyte were transferred to quantitative analysis. The NPG sample was cleaned in de-ionized water. CV scans in CH 3 OH-free 1 M KOH were performed at separately prepared NPG samples using equivalent procedures of cleaning, A determination and cycling. During CA scans in 1 M KOH + 1 M CH 3 OH electrolytes the found peak potentials were applied for 10 min in the same setup with separately prepared NPG samples.
Quantitative analysis
HCHO quantification was performed by using HPLC using an Agilent HPLC Infinity equipped with an Ultrasphere 5μ column. After neutralization of the alkaline electrolyte solutions with H 3 PO 4 , HCHO was derivatized based on Brady's test 56 using 100 μl of a 21 mM solution of 2,4-dinitrophenylhydrazine (DNPH) in H 3 PO 4 and mixing it with 1 ml electrolyte solution and 8 ml acetonitrile for 3 h. After centrifugation the supernatant HCHO-DNPH derivative was quantified by using HPLC at 40°C using an eluent mixture of 1 : 1 (v/v) water : acetonitrile at a flow rate of 1 ml min −1 and UV-Vis detection at 360 nm. Quantitative analysis of the initial electrolyte (1 M KOH + 1 M CH 3 OH) gave a HCHO concentration of 10 μM as the background value. HCOO − quantification was achieved by using IEC using an ICS 1100 System from Thermo Fisher Scientific equipped with a 4 × 50 mm pre-column (Dionex AG22) and a 250 × 4 mm main column (Dionex AS22). 25 μl of the electrolyte were injected at room temperature into the system using a 5 mM Na 2 CO 3 + 1.25 mM NaHCO 3 aqueous eluent solution at a flow rate of 1 ml min −1 and detection via electrical conductivity.
HCOO − and TIC quantification was achieved after calibration within a CH 3 OH-free matrix. The initial electrolyte contained no detectable HCOO − .
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